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Abstract 

An  electron  beam  (EB)  was  irradiated  on  carbon  anodes  of  lithium-ion  secondary  batteries.  The  discharge  capacity  was  increased  by 
19  mAh  g  1  in  the  mesocarbon  microbeads  electrode  and  by  55  mAh  g  1  in  the  coffee-bean  derived  carbon  electrode.  X-ray  photoelectron 
spectroscopy  (XPS)  and  Raman  spectroscopy  were  used  to  observe  the  surface  changes  which  included  a  reduction  in  the  amount  of  binder 
and  structural  changes  in  the  carbon  materials.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium-ion  secondary  batteries  are  widely  used  for  por¬ 
table  electronic  devices  and  the  carbon  anode  is  a  key 
component.  To  achieve  better  electrode  performance, 
high-capacity  carbonaceous  anode  materials  have  been 
developed  and  ways  of  modifying  the  surface  of  the  carbon 
anodes  have  also  been  investigated  [1-13].  These  surface 
modifications  may  require  an  elevated  temperature,  vacuum 
treatment,  or  a  post-treatment  procedure  to  remove  solvents 
or  residues  or  a  combination  of  these,  so  the  process 
becomes  complicated. 

Electron  beam  (EB)  irradiation  is  widely  used  to  modify 
the  surface  of  organic  and  inorganic  materials  [14-20],  and 
the  irradiation  of  the  sample  in  atmospheric  pressure  is 
the  conventional  technique  for  surface  modification  of 
polymer  materials  [21,22].  This  treatment  has  the  following 
advantages. 

1.  Gas  phase  treatment  enables  uniform  surface  treatment 
regardless  of  the  surface  roughness. 

2.  The  experimental  parameters  such  as  acceleration 
voltage,  current,  and  conveyer  speed  are  easily  con¬ 
trolled. 

3.  There  is  no  need  to  remove  residues  as  in  liquid  phase 
treatment. 
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4.  It  is  a  conventional  treatment  and  easily  scaled  up  since 
it  does  not  require  heating  process,  sample  chamber 
evacuation  or  any  other  complicated  pre-  or  post¬ 
treatment. 

In  this  study,  EB  irradiation  has  been  used  for  surface 
modification  of  carbon  anodes  and  its  effect  on  the  electrode 
performance  is  discussed. 

2.  Experimental 

2.1.  Electrode  preparation 

Three  kinds  of  carbon  materials  were  subjected  to  EB 
irradiation.  The  graphitic  carbon  used  was  mesocarbon 
microbeads  heated  up  to  2800°C  (MCMB,  Osaka  Gas 
Ltd.).  Non-graphitizable  carbon  materials  from  polyfurfuryl 
alcohol  (PFA-C)  [23,24]  and  from  coffee-beans  (CB-C)  [25] 
were  also  used.  These  carbon  materials  were  first  dried 
under  argon  atmosphere  at  600°C  for  90  min.  Each  of  these 
materials  was  then  mixed  with  10%  of  poly(vinylidene  1,1- 
difluoride)  (PVDF,  Aldrich)  as  binder  and  pressed  with  a 
stainless  mesh  to  form  the  pellet  electrode. 

2.2.  EB  irradiation 

Electron  beam  irradiation  of  the  pellet  electrode  was 
carried  out  using  CB250/30/180L  electrocurtain  processor 
(Iwasaki  Electric  Co.  Ltd.).  The  configuration  of  the  appa- 


0378-7753/01/$  -  see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0378-7753(00)0058  1-4 


216 


E.  Endo  et  al.  /  Journal  of  Power  Sources  93  (2001)  215-223 


VACUUM  CHAMBER 


Fig.  1.  Schematic  diagram  of  the  apparatus  for  EB  irradiation. 


ratus  is  shown  in  Fig.  1  [21].  Thermoelectrons  are  generated 
from  the  linear  filament  and  accelerated  in  the  vacuum 
chamber.  Then  the  electron  comes  out  through  a  titanium 
foil  window  into  the  processing  area.  The  sample  was  placed 
in  the  processing  area,  which  was  filled  with  nitrogen  at 
atmospheric  pressure,  at  an  oxygen  concentration  below 
300  ppm. 

2.3.  Coin-type  cell  test 

The  performance  of  the  pellet  electrodes  was  evaluated 
using  a  coin-type  cell.  The  test  cell  was  assembled  in  a  2025 
coin-type  cell  with  the  electrode  pellet,  a  lithium  metal 
counter  electrode,  a  polypropylene  separator  and  electrolyte 
solution.  The  electrolyte  solution  used  was  1  M  LiPF6  in  1 : 1 
ethylene  carbonate  and  dimethylcarbonate  (EC  +  DMC)  for 
MCMB  cells  and  in  1 : 1  propylene  carbonate  and  dimethyl- 
carbonate  (PC  +  DMC)  (Tomiyama  Pure  Chemicals  Indus¬ 
try  Ltd.,  electrochemical  grade)  for  non-graphitizable 
carbon  cells.  The  coin  cell  was  assembled  in  dry  air.  Since 
we  are  considering  application  to  the  anode  of  lithium-ion 
batteries,  we  regarded  the  lithiation  of  carbon  as  charging. 
Two  charge-discharge  conditions  were  used  in  accordance 
with  the  electrode  characteristics. 

1.  Steady-state  condition.  The  cell  was  charged  galvanos- 
tatically  with  a  current  density  of  0.25  mA  cm  2  to  the 
potential  of  —20  mV  versus  Li/Li+  and  discharged  to 
2000  mV.  These  are  the  typical  conditions  used  for  the 
evaluation  of  graphitic  carbon  electrodes  and  were 
applied  to  the  MCMB  cells  in  this  study. 


2.  Intermittent  condition  [23,24].  The  cell  was  charged  by 
repetition  of  the  sequence  of  imposing  a  current  of 
0.5  mA  cm  2  for  1  h  followed  by  2  h  of  relaxation.  The 
charge  was  terminated  when  the  equilibrium  potential 
estimated  from  the  relaxation  potential  (t  oq  in 
potential  versus  t~m  plot)  reached  4  mV  versus  Li/ 
Li+.  Discharging  was  performed  using  the  same 
sequence  and  was  terminated  when  the  closed  circuit 
voltage  exceeded  1.5  V.  We  have  applied  this  technique 
to  the  evaluation  of  non-graphitizable  carbon  cells,  PFA- 
C  and  CB-C  cells  in  this  study. 

2.4.  Characterization 

X-ray  diffraction  (XRD)  patterns  were  measured  using  an 
RINT  2500  V  diffractometer  (Rigaku  Co.)  equipped  with  a 
Cu  Ka  radiation  source  and  a  diffracted  beam  monochrom¬ 
eter.  X-ray  photoelectron  spectroscopy  (XPS)  was  per¬ 
formed  using  an  S -probe  spectrometer  (SII).  Raman 
spectroscopy  was  performed  using  an  Ar  laser  (514.5  nm, 
40  mW  at  sample)  as  the  excitation  source,  a  monochrom¬ 
eter  (JOB IN  YVON  T64000),  and  an  LN-cooled  1  in.  back- 
thinned  CCD  as  the  detector. 

3.  Results  and  discussion 

3.1.  Electrode  performance 

The  effect  of  EB  irradiation  on  the  electrode  performance 
was  evaluated  first.  Fig.  2  shows  the  charge-discharge 
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Fig.  2.  Charge-discharge  curves  of  MCMB  electrodes  with  (a)  0  and  (b)  100  kGy  of  EB  irradiation. 


curves  of  the  MCMB  electrodes  in  the  first  cycle.  No 
significant  difference  can  be  seen  in  the  charge-discharge 
curves,  except  for  the  capacity.  By  EB  irradiation,  discharge 
capacity  increased  from  283  to  302  mAh  g  \  while  charge 
capacity  increased  from  310  to  326  mAh  g-1.  The  discharge 
capacity  was  increased  by  19  mAh  g  1  after  EB  irradiation 
and  the  resulted  charge-discharge  efficiency  was  also 
increased  slightly. 

Fig.  3  shows  the  cycle  performance  of  the  MCMB  elec¬ 
trodes.  The  discharge  capacity  of  the  first  cycle  was  smaller 
than  that  of  the  second  cycle  as  the  wettability  of  the 
separator  used  was  less  than  optimal,  and  the  cycle  perfor¬ 
mance  after  the  second  cycle  was  improved  slightly  by  EB 
irradiation.  The  dose  dependence  of  increased  discharge 
capacity  in  the  second  cycle  is  shown  in  Fig.  4.  Increased 
capacity  was  saturated  at  around  300  kGy. 

The  electrode  performance  of  the  two  non-graphitizable 
carbons  was  also  improved  by  EB  irradiation.  The  results  are 
shown  in  Figs.  5  and  6,  and  in  Table  1.  While  the  increase  in 
charge-discharge  capacity  of  the  PFA-C  electrode  was  of  the 


order  of  10  mAh  g1,  a  more  considerable  increase  in 
charge-discharge  capacity  was  observed  in  the  CB-C  elec¬ 
trode.  The  discharge  capacity  increased  55  mAh  g  1  after 
100  kGy  of  EB  irradiation. 


Fig.  3.  Discharge  capacity  of  EB -irradiated  MCMB  electrodes  with  (0)0 
and  (#)  100  kGy  of  EB  irradiation. 
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Fig.  4.  Dose  dependence  of  increased  discharge  capacity  of  MCMB 
electrodes  after  EB  irradiation. 


Thus  far,  the  discharge  capacity  both  of  graphitic  and  of 
non-graphitizable  carbon  electrodes  was  increased  by  EB 
irradiation.  The  intrinsic  irreversible  capacity  of  carbon 


materials  was  not  suppressed,  however,  the  resulted 
charge-discharge  efficiency  was  slightly  increased.  The 
mechanism  is  discussed  in  the  following  section. 

3.2.  XRD  patterns 

Fig.  7  shows  the  XRD  patterns  of  the  MCMB  electrodes. 
No  characteristic  differences  were  observed  between  EB- 
irradiated  and  non-irradiated  electrodes  among  all  the  car¬ 
bon  materials  we  investigated.  We  conclude  that  the  crystal 
structure  of  the  bulk  carbon  materials  was  not  changed  by 
EB  irradiation.  We  then  investigated  the  surface  change 
brought  about  by  EB  irradiation. 

3.3.  X-ray  photoelectron  spectra 

The  surface  structure  of  the  carbon  electrodes  was  char¬ 
acterized  using  XPS.  Fig.  8a  shows  the  C  1  s  spectrum  of  the 
MCMB  electrodes.  Photoelectron  peaks  at  284.5,  286.3  and 


Fig.  5.  Charge-discharge  curves  of  PFA-C  electrodes  with  (a)  0  and  (b)  100  kGy  of  EB  irradiation. 
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Fig.  6.  Charge-discharge  curves  of  CB-C  electrodes  with  (a)  0  and  (b)  100  kGy  of  EB  irradiation. 


291  eV  were  observed  before  EB  irradiation,  and  the  latter 
two  peaks  were  decreased  by  100  kGy  of  irradiation.  These 
three  peaks  are  attributed  to  C-C  bonds  of  graphite,  CH2  and 
CF2  of  PVDF,  respectively.  It  appears  that  a  portion  of  the 
binder  components  are  eliminated  by  EB  irradiation. 

It  has  been  reported  that  fluorine  in  polymer  surfaces  is 
eliminated  by  EB  irradiation  [26].  Further,  structural  change 
of  vinyl  polymers  brought  about  by  EB  irradiation  has  been 
reported  by  Dong  and  Bell  [27].  They  reported  cross-linking 
results  from  EB  irradiation  when  the  structure  of  a  vinyl 


polymer  is  such  that  each  carbon  atom  of  the  main  chain  is 
bound  to  at  least  one  hydrogen  atom.  Alternatively,  if  a 
tetrasubstituted  carbon  atom  is  present  in  the  monomer  unit, 
the  polymer  is  degraded  by  EB  irradiation.  This  supposition 
is  supported  by  the  fact  that  the  carbon  bond  in  the  main 
chain  can  be  weakened  by  the  presence  of  the  tetrasubsti¬ 
tuted  carbon  atom,  since  they  cause  a  strain  in  the  molecule 
by  the  steric  repulsion  effect.  PVDF,  the  present  binder, 
contains  tetrasubstituted  carbon  atoms.  So  the  elimination  of 
PVDF  binder  by  EB  irradiation  is  consistent  with  Dong’s 


Table  1 


Electrode  performance  of  EB-irradiated  non-graphitizable  carbon  electrodes 


Electrode 

Dose  (kGy) 

Discharge  capacity  (mAh  ') 

Charge  capacity  (mAh  ') 

Efficiency  (%) 

PFA-C 

100 

384.9 

503.7 

76.4 

0 

377.5 

495.8 

76.1 

CB-C 

100 

401.0 

497.0 

80.7 

0 

346.0 

456.0 

75.9 
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Fig.  7.  XRD  patterns  of  MCMB  electrodes  with  (a)  0  and  (b)  100  kGy  of 
EB  irradiation. 

supposition.  It  is  naturally  accepted  that  the  binder  content 
affects  the  electrode  performance  [28],  in  the  bulk  and  at  the 
electrolyte  interface. 

The  other  minor  change  observed  using  XPS  is  the 
increase  of  oxygen  on  the  MCMB  electrode  surface  with 
EB  irradiation,  as  shown  in  Fig.  8b.  An  Ols  photoelectron 
peak  was  observed  at  533.2  eV  after  EB  irradiation.  This 
peak  is  attributed  to  the  OH  group  connected  to  a  benzene 


(b)  Binding  Energy  /  eV 

Fig.  8.  (a)C  1  sand(b)0  1  s  photoelectron  spectra  for  the  MCMB  electrodes. 


ring,  so  it  should  be  the  result  of  the  reaction  of  graphitic 
carbon  with  water  in  the  atmosphere.  However,  the  oxygen 
content  was  of  the  order  of  1  %  at  the  electrode  surface,  so  it 
should  not  significantly  effect  the  electrode  performance. 

The  same  phenomena  were  observed  in  non-graphitizable 
carbon  electrodes.  Fig.  9  shows  the  XPS  spectra  of  PFA-C 
electrodes.  Peaks  attributed  to  the  binder  decreased  and  the 
oxygen  content  increased  slightly  with  EB  irradiation. 
Accordingly,  the  binder  on  the  electrode  surface  was 
reduced  by  EB  irradiation  and  this  affects  electrode  perfor¬ 
mance.  EB  irradiation,  however,  could  also  affect  the  struc¬ 
ture  of  the  carbon  materials  themselves. 

3.4.  Raman  spectra 

Raman  spectroscopy  is  useful  for  characterizing  the  sur¬ 
face  structure  of  carbon  materials  to  a  depth  of  several 
hundreds  of  nanometers.  In  this  study,  the  structural  changes 
of  the  carbon  electrode  surface  after  EB  irradiation  were 
investigated.  Fig.  10  shows  the  Raman  spectra  of  the  MCMB 
electrodes.  The  observed  spectra  combine  four  peaks  char¬ 
acteristic  of  defined  carbon  structures.  The  strong  band  at 
1580  cm  1  indicates  an  E2g2  vibration  mode  in  the  graphitic 
region  of  carbon  materials  (G-band)  and  the  bands  at  1350 
and  1620  cm  1  show  an  Alg  mode  arising  from  the  (dis- 


(a)  Binding  Energy  /  eV 


Fig.  9.  (a)  C  1  s  and  (b)  O  1  s  photoelectron  spectra  for  the  PFA-C  electrodes. 
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ordered)  turbostratic  structure  in  carbon  (D-band)  [29,30]. 
The  broad  Gaussian-shape  band  at  around  1300  cm  1  is 
from  an  amorphous  (non-periodical)  carbon  structure.  In  the 
MCMB  electrode,  the  peak  of  the  graphitic  structure  is 
narrow  and  high,  suggesting  the  development  of  the  gra¬ 
phitic  structure  in  MCMB.  However,  peaks  of  the  turbos¬ 
tratic  structure  and  of  the  amorphous  structure  are  also 
observed. 

After  EB  irradiation,  the  area  of  the  peaks  at  1350  and 
1580  cm  1  increased,  while  that  of  the  broad  peak  at 
1300  cm  1  decreased.  This  means  that  the  amorphous  com¬ 
ponent  decreased  with  EB  irradiation,  and  as  a  result,  the 
turbostratic  and  graphitic  components  were  enhanced.  The 
possibilities  for  structural  change  are  either  changing  the 
amorphous  component  into  some  ordered  structure  or  sim¬ 
ply  eliminating  the  amorphous  component  by  EB  irradia¬ 
tion.  In  order  to  carry  out  a  detailed  analysis  of  the  structural 
change,  the  parameter  R  was  calculated  and  is  shown  in 
Fig.  11.  The  ratio  of  D-band  (1350  cm  l)  to  G-band 
(1580  cm  x)  intensities,  R  (/d^g)  [29,30]  expresses  the 


degree  of  surface  disordering  of  the  graphite  powder.  The 
R  value  of  the  MCMB  electrode  was  increased  by  EB 
irradiation,  suggesting  a  greater  increase  in  the  turbostratic 
component  versus  the  graphitic  component.  The  amorphous 
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Fig.  11.  Dose  dependence  of  R  value  of  EB -irradiated  MCMB  electrodes. 
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component  exists  primarily  at  the  grain  boundary  and  can  be 
changed  into  turbostratic  structure  by  EB  irradiation.  The 
turbostratic  component  contributes  to  additional  electrode 
performance. 

The  Raman  spectra  of  non-graphitizable  carbon  was  also 
changed  by  EB  irradiation,  as  is  shown  in  Fig.  12.  The 
spectra  can  be  separated  into  the  four  characteristic  bands 
described  above,  and  the  same  structural  changes  were 
observed:  (1)  the  amorphous  components  were  decreased 
and  (2)  the  ordered  structural  components  were  increased  by 
EB  irradiation.  Unfortunately,  intense  fluorescence  and 
extremely  broad  peaks  make  it  impossible  to  completely 
eliminate  background  scattering  and  prevents  a  more 
detailed  discussion  of  the  data. 

One  possible  explanation  of  the  increased  capacity  of  CB- 
C  over  PFA-C  is  binder-carbon  particle  interaction.  The 
extent  of  this  interaction  depends  on  particle  size,  shape  and 
the  type  of  carbon  material.  Another  possibility  is  the 
differences  in  the  structural  changes  of  the  carbon  materials 


brought  about  by  EB  irradiation,  although  this  has  not  yet 
been  confirmed. 

4.  Conclusion 

The  discharge  capacity  of  all  carbon  electrodes  is 
increased  by  EB  irradiation.  The  type  of  change  brought 
about  depends  on  the  carbon  electrode.  EB  irradiation 
eliminates  some  binder  components  from  the  electrode 
surface  and  also  change  the  surface  structure  of  the  carbon 
materials. 
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